Bacillus sp strain IBA 33 metabolites, isolated from decaying lemon fruits, were evaluated for the control of pathogenic and non-pathogenic fungi (Penicillium digitatum, Geotrichum candidum, Penicillium expansum, Aspergillus clavatus, Aspergillus fl avus, Aspergillus niger, and Fusarium moniliforme). These metabolites were recovered from Landy medium (LM) without aminoacids. In order to optimize metabolites production the LM was modifi ed by adding different concentrations and sources of amino acids and carbohydrates at different culture conditions.
Introduction
One of the greatest causes of loss in the food industry is postharvest diseases of fruits and vegetables. 1 According to U.S.A. estimations this loss reaches 24% 2 whereas it may climb to 45%-50% in developing countries, 3 but loss has generally been considered to be approximately 10% to 40% depending on packinghouse technology. 4 Fungi are the principal decaying agents in fruit kept in cold storage chambers for long periods. 5 Postharvest lemon diseases are mainly caused by Penicillium italicum (blue mold), Penicillium digitatum (green mold), Geotrichum candidum (sour rot), Alternaria citri (black mold) and Fusarium sp. 6 Postharvest fruit diseases are controlled with careful manipulation practices and synthetic fungicides like 2-4 thiazalil benzimidazole and imidazole. This method is more widely used against fungal decay because of its low cost and easy application. However, it presents manifold objections since prolonged use generates resistance to synthetic fungicides by major postharvest pathogens 7, 8 and increases chemical remainders in fruits with the consequent potentiality engendering iatrogenic diseases. 9 In addition, there is strong pressure from the consumers who demand products of greater quality, but with a smaller amount of chemical agents and a major environmental protection. 10 A desirable alternative to the use of synthetic fungicides is the application of a biological control of phytopathogenic fungi.
There are many microorganisms like Pseudomona, Gliocladium, Trichoderma, Criptococcus, Rhodotorula and Bacillus 11 with antagonistic activity against phytopathogenic fungi.
Currently there are several formulations of Bacillus subtilis in the market to eradicate postharvest diseases of rice, beans, tomato and avocado pears, 11 but there are no data about biological control of lemon phytopathogenic fungi using microorganisms of the region where such citric fruits are grown.
In this work we studied the production and optimization of metabolites by a strain of Bacillus sp IBA 33 with antifungal activity and their effectiveness in controlling decaying lemon fruit fungi. The microorganism was isolated from the soil of lemon plantations of Tucumán, Argentina.
We also carried out in vivo studies to determine if the in vitro effect reappeared when the metabolites were applied to the lemons.
Materials and Methods

Microorganisms
Bacterial strain
The Bacillus strain used in this paper was isolated from the soil of a lemon plantation of Tucumán, Argentina and maintained in bevel tubes with nutrient agar pH 7.2. The microorganism was taxonomically identifi ed in genus by phenotypic tests (Gram stain, morphology, catalase activity, nitrate reduction, indole production, motility, growth at 7% NaCl, acid production, gelatinase and starch hidrolysis). The bacilli identifi cation was performed by the standard tests described in the Bergey's Manual of Determinative Bacteriology. 12 Microscopic disposition, growth at 65 °C were assayed to identify this group.
Genomic DNA from Bacillus strain IBA 33 was isolated, from LB cultures, using a lysozyme method for Gram positive bacteria. 13 Bacterial 16S rRNA was amplified by polymerase chain reaction (PCR) from DNA extracted from cultured cells. The primers used were PLB (5′-AGAGTTTGATCCTGGCTCAG-3′) and MLB (5′-GGCTGCTGGCACGTAGTTAG-3′) (The Great American Gene Company, Ramona, CA). PCR contents for a 50 μl volume were 0.3 mg/ml template DNA, 10 μM forward (PLB) and reverse (MLB) primers, 2.5 mM deoxynucleoside triphosphates, 5 μl of 10 × Taq polymerase buffer (50 mM KCl, 10 mM Tris HCl pH 8.3), and 5 U/μl of Taq DNA polymerase (Promega, Madison, WI). The thermal cycling conditions used were 1 min denaturation step at 94 °C, then 1 min at 94 °C, 1 min at 50 °C and 30 cycles at 72 °C for 1 min, followed by a fi nal 7 min extension at 72 °C. All reactions were carried out in a tetrad thermal cycler (Gene Cycler, Bio-Rad). All PCR products were purifi ed with the PCR-Clean up gel extraction MACHEREY-NAGEL. PCR products were examined by electrophoresis in a 1% (wt/vol) agarose gel visualized by staining with SYBR Safe DNA Gel Stain (Invitrogen) on a UV transilluminator (Consort, B2300) ( Fig. 1 ) and sequenced in (Ruralex/ Fagos, Buenos Aires, Argentina). The obtained sequence was identified through the Genbank database by using the BLAST algorithm. 14 
Fungi strains
Phytopathogenic and saprophytic fungi Penicillium digitatum, Geotrichum candidum, Penicillium expansum, Aspergillus clavatus, Aspergillus fl avus, Aspergillus niger and Fusarium moniliforme were isolated from ill lemons harvested in the Tucumán citric zone, identifi ed 15 and belong to the stock strains of our Institute. They were grown in bevel tubes with potato dextrose agar pH 5.0 (PDA) at 28 °C and stored on the same medium at 4 °C.
Culture medium and growth conditions of Bacillus sp strain IBA 33 for the production of antifungal metabolites Growth kinetic of Bacillus sp strain IBA 33 25 ml of Bacillus sp strain IBA 33 activated inoculum (10 8 CFU ml −1 ) were placed in 250 ml of nutrient broth pH 7.2 and incubated in a rotary shaker (250 rpm) at 28 °C and sampled every 3 h. Data were presented as CFU ml −1 .
Production of antifungal metabolites and effect of culture conditions
Bacillus sp strain IBA 33 was activated for 3 h in GNB media pancreatic peptone 22.5 g l −1 , glucose 1 g l −1 , K 2 HPO 4 2 g l −1 , NaCl 3 g l −1 pH 6.0, at 28 °C and 250 rpm. 16 After activation, Bacillus sp strain IBA 33 was cultured on basal Landy medium (glucose 20 g l −1 , Fe 2 (SO 4 ) 3 H 2 O 0.15 mg l −1 , MnSO 4 H 2 O 5 mg l −1 , CuSO 4 H 2 O 0.16 mg l −1 K 2 HPO 4 0.5 g l −1 , KCl 0.25 g l −1 and MgSO 4 0.25 g l −1 pH 6.0). 16 In order to optimize the production of metabolites, the Landy medium (LM) was modifi ed by adding different concentrations and sources of amino acids and carbohydrates at different culture conditions. The aminoacids studied were glutamic acid (0.25%; 0.5% and 1%); aspartic acid (0.5%); glutamic acid and aspartic acid (0.5% respectively) and leucine (0.5%). The carbohydrates assayed were glucose and mannitol (1.5%; 2% and 2.5%). 17 Culture conditions were pH 5.0; 6.0 and 7.0 at incubation temperatures of 20 °C, 28 °C and 37 °C. 250 ml of the resulting medium were cultured with 25 ml of active inoculum of Bacillus sp strain IBA 33 (10 8 cells ml −1 ), incubated at the studied temperature in a shaker at 250 rpm. Samples were taken as indicated in Figure 2 . After centrifugation (10000 rpm, 15 min), the cell-free supernatants were concentrated to 57% by dialysis using a membrane of 100 °A and carboxymethylcellulose. The metabolites sterilization were carried out by: a) fi ltration using a cellulose nitrate fi lter pore: 0.22 μm and b) autoclaving at 121 °C for 15 min.
Antifungal activity bioassays
In vitro assays, solid media Petri dishes were fi lled with 10 ml of PDA and 0.1 ml of concentrated metabolites of each time period. After the plates were cooled, a defi ned piece of agar (0.7 cm of diameter and 0.2 cm of thickness) with grown mycelia was placed onto an agar surface. They were incubated for 5 days at 28 °C and the diameter of the mycelia growth was measured at the end of this period.
In vitro assays, liquid media 45 ml of potato dextrose broth pH 5.0; 2.5 ml spore suspension of each studied fungi (10 6 spores ml −1 ) and 2.5 ml of the concentrated metabolites (sterilized by filtration and autoclaving) were placed in 250 ml Erlenmeyer fl asks. Flasks were incubated at 28 °C and 250 rpm for 5 days. Dry weight determinations were performed and the results expressed as percentage of inhibition growth.
Control assays were also made in 250 ml Erlenmeyer flasks that did not contain the concentrated metabolites.
In vivo assays
In the "in vivo assay," % of green mold and sour rot in harvested lemons was performed to evaluate the fruit phytosanitary state. Lemons were harvested in July and August 2006 and received the same treatment they are given in packinghouses: they were washed with hot water (40 °C) for 5 min, submerged in a sodium bicarbonate solution at a concentration of 200 ppm for 2 min and sprayed with imidazole (Imazalil), 2,4 thiazalil benzimidazole (Thiabendazole) and wax. We worked with three batches of 36 lemons distributed in two boxes of 18 fruits per group. Group 1: lemons with the same treatment as the one received in packinghouses; Group 2: lemons treated with hot water, sodium bicarbonate and sprayed with metabolites of Bacillus sp strain IBA 33 and wax; Group 3: lemons without any treatment.
MBLM supplemented with 0.5% glutamic acid and corresponding to 72 h of culture was used.
The fruits were placed in boxes that contained moistened paper towels to maintain 85% humidity and were fi nally covered with plastic. They were kept for 3 weeks at 4 °C and 1 week at room temperature to reproduce the storage conditions to which the fruits are submitted until reaching their fi nal destination. The results were expressed as % of diseased lemons.
Statistical Analysis
The data were analyzed by two-way analysis of variance (ANOVA) and the signifi cant means were analyzed by Tukey's test and Kolmogorov-Smirnov test. Comparison of means was performed by Kruskal-Wallis's multiple range tests. Statistical signifi cance was assessed at the level of p = 0.05.
Results
Identifi cation of baterial strain
The biochemical profi ling obtained were bacilli endospore forming, Gram (+), positive catalase activity, positive nitrate reduction, positive indole production, positive motility, growth at 7% NaCl, positive acid production, positive gelatinase and starch hidrolysis.
The 16S rRNA gene sequence determined for the strain consisted of 1028 nucleotides. On the basis of 16 S rRNA sequence analysis (Figs. 3 and 4), this strain appeared belong to the genus Bacillus (Group 1), and being closely related to B. cereus and B. thurigiensis. 18 
In vitro assays
Growth inhibitions were higher in liquid than in solid media (data not shown), probably due to a smaller diffusion of the Bacillus sp strain IBA 33 metabolites in the solid culture media.
Its metabolites proved to be heat resistant because inhibition percentages remained the same after fi ltration and autoclaving.
Bacillus sp strain IBA 33 metabolite specifi city towards fungi was found to depend on the composition of the LM. Because the LM contains glucose, which could exert some catabolic repression, we replaced that sugar with mannitol. However, the metabolites obtained with this last carbohydrate did not inhibit the growth of any of the fungi studied in the concentrations assayed. Only 2% glucose generated the results shown (all Figures).
Different incubation culture conditions (pH and temperature) showed the best results at pH 6.0 and 28 °C for the production of metabolites (all Figures).
According to references we assumed the peptide nature of metabolites produced by Bacillus sp. 19 The effects of aspartic acid, that is structurally similar to glutamic acid and leucine, which in few cases is an activator of the protein synthesis, 17 were studied upon the MBLM production.
The addition of leucine to LM did not show any effect on the synthesis of metabolites with antifungal activity (data not shown).
The major fungal growth inhibitions were obtained with metabolites of 72 h culture. Hence, we evaluated the antifungal activity of metabolites of 96 h, these metabolites did not produce growth inhibitions.
The most sensitive pathogenic fungus was G. candidum since MBLM with 0.5% glutamic acid of 12, 24, 48 and 72 h produced inhibitions of 65.58%, 66.55%, 72.61% and 88.44% respectively ( Fig. 5 ). There is a highly signifi cant difference in glutamic acid values (p Ͻ 0.01) according to variance analysis while Tukey's test (p Ͻ 0.05) detects the optimum value at 0.5%, but there is no statiscally signifi cant time difference (p Ͻ 0.05). Aspartic acid and the mixture of glutamic acid and aspartic acid did not have any incidence on the synthesis of metabolites.
In the case of P. digitatum the greatest inhibition (65%) was observed when metabolites were recovered from LM (72 h) added with 0.5% of glutamic acid (Fig. 6 ). There is a statiscally signifi cant difference (p Ͻ 0.01) between times according to variance analysis while Tukey's test detects the optimum (p Ͻ 0.05) at 72 h. Aspartic acid did not produce any effect and the same happened to the combination of glutamic acid and aspartic acid.
The growth of A. flavus was progressively inhibited by metabolites of Bacillus sp strain IBA 33 recovered from LM (without amino acids). At 72 h of culture, inhibition was 52%. Only 0.5% glutamic acid produced metabolites that inhibited A. fl avus growth; metabolites from a 72 h culture produced an inhibition of 20%. Metabolites from LM supplemented with 0.5% glutamic acid and 0.5% aspartic acid (72 h culture) produced a 7% inhibition of A. fl avus growth (Fig. 7) . Glutamic acid (0 and 0.5%) has a signifi cant difference (p = 0.01Ͻ0.05) according to variance analysis. Glutamic acid and aspartic acid only have a significant difference between 12 and 72 h, reaching the optimum at 72 h, according to the Kruskal-Wallis range variance analysis. Figure 8 shows that A. clavatus growth was inhibited by MBLM supplemented with 0.5% glutamic acid. The inhibition was evident (51%) with metabolites from a 24 h culture and was more intense with metabolites from a 72 h culture, where an inhibition of 87% was observed. There is a highly signifi cant difference (p Ͻ 0.01) according to variance analysis.
Metabolites from LM supplemented with 0.5% glutamic acid produced a 34% growth inhibition of A. niger (data not shown). When they were recovered from LM supplemented with 0.5% glutamic acid and 0.5% aspartic acid, the inhibition was 37% (Fig. 9 ). There is a signifi cant difference only between 12 and 72 h, reaching the optimum at 72 h according to the Kruskal-Wallis range variance analysis. These results show that both amino acids are needed to partially inhibit A. niger growth.
In the case of P. expansum the inhibition was different according to the supplements incorporated to LM. When Bacillus sp strain IBA 33 grew in LM supplemented with 0.5% glutamic acid the highest inhibition was only 18%, whereas when it was cultivated with 0.5% aspartic acid the greatest inhibition was 45% (Fig. 10 ). There is a highly signifi cant inhibition difference (p Ͻ 0.01) between glutamic acid (0.5%) and aspartic acid (0.5%) according to the Kolmogorov-Smirnov test. Statiscally there is a higher inhibition with aspartic acid (0.5%).
Growth inhibition of F. moniliforme was 92% when it was faced with metabolites produced in LM with 0.5% glutamic acid, but when LM was supplemented with glutamic acid and aspartic acid 0.5%, the major inhibition was only 73% (Fig. 11 ). There is a signifi cant difference only between 12 and 72 h, reaching the optimum at 72 h according to the Kruskal-Wallis range variance analysis. There is a statiscally signifi cant inhibition difference (p Ͻ 0.05) between glutamic acid and the combination glutamic and aspartic acids. Glutamic acid shows higher inhibition.
In vivo assays
The evaluation of the phytosanitary state of lemons demonstrated that metabolites of Bacillus sp strain IBA 33 protected the fruit against green mold and sour rot (Table 1 ). Group 1 of lemons was healthy all through the month. Group 2, treated with metabolites, had 5.5% diseased fruit when it was retired from the cold chamber. After one week at room temperature the disease percentage increased to 22% and 27% (July and August, respectively). When the lemons did not receive any treatment (Group 3), disease incidence was between 20.5% and 27% in the cold chamber and 82.7%-90% after one week at room temperature. The disease incidence was greater in August than in July, probably due to high temperatures.
Discussion
The results of the present study show that Bacillus sp strain IBA 33 produces one or more metabolites with antifungal action against different phytopathogenic and non pathogenic fungi. The metabolites were heat-resistant because they conserved the same antifungal activity after sterilization at 121 °C for 10 min. That fact was reported in previews works. 20 In this work it was demonstrated that Bacillus sp strain IBA 33 culture media composition and culture conditions (pH and temperature) are important factors to consider for the production of metabolites with antifungal action, especially with the addition of amino acids. The results are consistent with the ones obtained in previous studies, where the aggregate lipopeptides, exogenous to the culture media, generated a higher production of biosurfactant and therefore a greater antifungal activity. The highest growth inhibitions occurred in the presence of glucose (2%). Besides, there was an important biosurfactant production by B. subtilis DM-03 and DM-04. 21 Many alternatives to chemical control have been investigated, but none, when used alone, provides the level of control of synthetic fungicides.
The metabolites of Bacillus sp srtain IBA 33 with a smaller antifungal activity could be combined with other methods to increase their effectiveness. The benefi cial effect of treatments with hot water for Penicillium rot control was reported in citrus 22, 23 because it was demonstrated that heat inhibits spore germination and slows down P. digitatum growth. Recently the effect of hot water and bicarbonate with Bacillus subtilis was evaluated in order to control green mold and blue mold of citrus. 24 A combination of the methods described above may be used to overcome the shortcomings of each. In addition, in vivo tests demonstrated a good protective effect of the metabolites of Bacillus sp srtain IBA 33 against P. expansum, A. clavatus, P. digitatum and G. candidum. These results are important because there are bibliographical data that show that in vitro inhibitions can not be reproduced at in vivo assays. 25 Gram positive bacteria, like Bacillus sp, however, have been studied less intensively than Gram-negative bacteria. 26 The potential of Bacillus sp as a biological control agent to eliminate the use of synthetic fungicides has been previously reported, 27 and it involves the production of cyclic lipopeptides including surfactin, iturin, fengycin and lichenycin. 21 Bacillus sp acts by producing an antibiotic of the iturin peptide family that affects membrane surface tension causing pore formation and resulting in the leakage of K + and other vital ions causing cell death. 28 It has been registered that a member of the family of the iturins, Bacillomicin F inhibits the growth of A. niger, 29 while Iturin A inhibits the growth of A. fl avus and F. moniliforme. 30 Previous reports showed that Bacillus subtilis produced iturin in LM. 31 This is the fi rst study of Bacillus sp strain IBA 33 as a biological control agent against several species of fungi. This is important considering that Bacillus sp strain IBA 33 belongs to the same ecological niche of the studied fungi. Some of them are pathogenic and are under study from the point of view of biological control, while the saprophytic (species of Mucor, Fusarium, Aspergillus and others) are often resistant to the treatments applied.
Fungi presence has no effect on fruit quality and is not an indication of imminent decay. It is rather an indication of handling and storage conditions. The cotton-like material occasionally found on the stem-end of stored citrus fruits results from growth of saprophytic non-pathogenic fungi on senescing buttons (caliz and disk). High humidity conditions that favor growth of saprophytic fungi are actually very good conditions for maintaining fruit quality. 32 Considering the above facts, the use of Grampositive bacteria that have a natural formulation to suppress these two diseases would immensely help in overcoming the problems produced by the use of synthetic fungicides.
At present we are carrying out studies to determine the chemical nature and mode of action of Bacillus sp strain IBA 33 metabolites. The knowledge of the antagonism mechanisms in biocontrol may improve their effectiveness. 20.5* 27* 82.7* 90* *Lemon green mold infection was 98% while sour rot incidence was 2%.
